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ABSTRACT

Results from a 60 ks C/tundra HETGS observation of the nearby Seyfert 2 Circinus are presented, The spectrum
shows a wealth of emission JiBes at both soft and hard X-rays, including lines of Ne, Mg, St, S, At, Ca, and Fe,

and a prominent Fe Ke line at 6.4 keV. We identify several of the He-like components and measure several of
the Lyman lines of the H-like ions. The lines' profiles are unresolved at the limited -_ignal-to-noise ratio of the
data. Our analysis of the zeroth-order image in a cx_mpanion paper constrains the size of the emission region
to be 20--60 pc, suggesting that emission within this volume is almost e,n_rely due to the reproccssing of the
obscured central source. Here we show that a model containing two distinct components can reproduce almost

all the observed prop=ties of this gas. The ionized component can explain the observed in_nsities of the ionized
species, assuming twice-solar composition and an N o: r -!5 density distribution. The neutral component is highly
concentrated, well within the 0.8" point source., and is responsible for almost all of the observed Ko_ (6.4 keV)
emission. Circinus see,ms to be different than Mkn 3 ia terms of.its gas distributiotL

Subjecr headings." galaxies: active _ galaxies: nuclei _ galaxies: Seyfert _ galaxies: indNidual (Circinus)
X-rays: galaxies

I,_ 1. INTRODUCTION

C¢3 Recent X-ray studies of Seyfert 2 galaxies with ASCA and
BeppoSAX have _hown that the 0.i-10 keY spectra of these
sources are rich in emission lines at both soft and hard energies
(e.g., Guainazzi et al. 1999; Turner et al. 1997). The intezpreta-
lion of the emission lines is problematic because of ambiguities

about line blending, line profiles, and line flux distribution that

j_:_ are all poorly constrained by ASCA and BeppoSAX. The data

,O are consistent with emission from g_ in photoionization equi-
,., librium (e.g., Netzer, Turner, & George 1998 and references
¢_ therein), but there are also attempts to fit the spectra by a two-
C_ temperature gas in collisional equilibrium COeno et el. 1994),

::> presumably due to srarburst emission. X-ray observations at
• _ high re,solution both spatially and spectrally are crucial to de-

termining the origin of the X-ray lines in $eyfert 2s, a task for
g- which Chandra is uniquely suited.
c¢ Here we present a 60 ks Ckaadra HETGS spectrum of the

Seyfert 2 galaxy Circinus, Previous ASCA and BcppoSAX ob-
servations of this source revealed severalemission lines at both

soft and hard en=gic.s (Sago et el. 200On; Gtminazzi et aL 1999;
Matt et al. 1996). In a companion paper, focusing on the zeroth-
order ACIS image, we established that several components con-
tribute to the X-ray emission from Circinus. In particular, we
found that ,-- 60% of the X-ray flux at £ 2 keV is due to an
extended component on scales ,-. 2.3% while at harder energies
the contribution from a compact ( < 0.8") region prevails. Im-
portantly, the ACIS spectrum of the latter component exhibits
several emission lines including a prominent (EW -- 2,5 kcV)
Fe Ka line. In this paper, we concentrate on the analysis of the
HETGS spectrum and on the implications for the physical con-
ditions of the emitting gas. We also use a simultaneous RXTE
observation to dca'ive useful constraints on the intrinsic nuclear

X-ray continuum. At the distance of the gaily (__ 4 Mpc),
1"=19 pc.

2. OBSERVATIONS AND DATA ANALYSIS

Circinus was observed with the High Energy Transmission
Grating Spectrometer (HETGS; Canizare.s et el. 2000, in prep.)
on 2000 June 6, with ACIS-S (Garmire et el. 2000) in the fo-

cal plane. The total net exposure was 60,223 s. Details on the
observation are given in our companion paper.

The FIETGS carriestwo mirrorassemblies,the High Energy

Grating(HEG) and Medium Energy Grating(MEG). The nu-

clearI-IEGand MEG spectrawere extractedina narrow (15

pixel)rectangularregion cemteredon the zeroth-orderposi-

tion,avoidingcontaminationfi'omthedispezsedspectraofthe

nearbyserendipitoussources.Although a few oftheserendipi-
toussourcesexhibitemissionlinesintheirACIS spectraatboth

soft and hard X-rays, the 0..5-8 keV flux of the brightest one is
a factor 5 weaker than the nucleus. We thus believe that con-
lamination to the HETGS nuclear spectrum (in the regions of
overlap of the dispersed spectra) is negligible. The HEG and
MEG spectra were gain corrected and flux calibrated using An-
cillary Response Files generated with the CTAO software. Only
the first order HEO and MEG spectra were used for the anal-
ysis, as higher orders contain only a few ( < 3 per bin) counts
and are not useful. The spectra were also corrected for cosmo-
logical redshift and Galactic absorption, N,c'a -- 3.3 x 10zj cm -_
(Freeman et el. 1977).

3. SIMULTANEOUS RATE OBSERVATIONS

We used a simultaneous 30 ks exposure with RXT£ to con-
strain the higher-energy X-ray continuum emission from Citci-
nus. The K,W'B dam were reduced following standard criteria;
here we use only clara from the PCA detector and report only
on the results most relevant for the modeling of the Chandra
1-_TGS data, leaving more details to a future paper. The source
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FZG. I.-- Bottom: The X-ray spectrum of Circinus from a O0 ks Chmldro

HETG$ observaUoa. The spccmtm was obtained by averagingme MEG and

HE4_ (lest+talerspecu-a(afterrebinningthe HEn datato the same resolution

as theMEG dam). and rebinningto0.02A. Many emission linesmostly due to

H- and He-like clcmcn_ arc _'_clcd, I_gcthcr with weaker lines from "ncu-

WaV S. Si. and At. The most promir_ent feature is the Fe Kc_ line at 6.4 kcV.

Top: A t,,vo component model fit tO the data: ionized component (solid line)
and neuu'al _t (dashed lineJ.

was detected with the PCA up to ..- 30 keV. with a 2-30 keY
count rate of 7.26 -J-004 counts s-l .

We fitted the PeA data in the energy range 6--30 keY, where
relatively few lines are present (mainly Fe KO at 6.4 keV. FeK3
at 7.1 keV, and Fe XXVI/NiKa at 7.9 keV; Guainazzi et al.

1999). We find that an excellent description of the PCA data
(Xz-----56for 62 de.greys of freedom) is obtained with a model
including a "'pure" reflection continuum from neutral gas, plus
a heavily absorbed (N_ -,- 6 x 10 _t cm -a) power law dominant

at _> 10 keV. plus the three Gaussians lines. The best-fit model
and fitted parametea-s are in complete agreement wi_ a previous
BeppoSAX observation ofCircinus(Matt et at. 1999, Guainazzi
et al. 1999). We mainly stress here the results for the intrin-
sic nuclear continuum: power-law photon index 1"= 1.65_i _
(90% confidence errors) and intrinsic (absorption-corrected) 2-

imr 3 X loan-3 x 10a:10 keV luminosity in the range Lz__0 kc\" =
erg s-_. in agreement with the BeppoSAX data (Matt et al.
1999).

4.. THE HETGS SPECTRUM

The first order MEG spectra agree well with each other
within the resolution of the grating (--- 0.023 ,_. twice as for

the HEG). The two I-IEG spectra also agree with each other
and with the MEG spectra. Therefore. in order to increase the
signal-to-noise ratio, the four spectra were averaged after rebin-
ning the HEG data to the MEG resolution. While this procedure
sacrifices the higher resolution of the HEG. in most cases the
lines are unresolved and the loss of resolution is thus well com-

pensated by a cleaner detection of the lines.
Figure I shows n wide wavelength coverage view of the flux.

calibrated spectrum, binned at 0.02 ,_. A plethora of emission
lines are apparent in the spectrum at all energies. The most
prominent one is the Fe Ke line at 6.4 keV. with an EW -,,, 2.1
keV. an unresolved core, and a hint of a broader-base compo-
nent which will be discussed elsewhere. A detailed view of the
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FtG. 2.-- The Fe line complex in Circmux from a 60 ks HETGS exposure

shown, thJs time, after rebinning to 0.01 _. The Fe Kc_ llne cousisw of a nar-

row. unrtsol,,ecl core plus n broader base. Also de,,-cmd is the FeKO line at 7.1
keV.and a weak line at 6.6 keV, with an ¢ncr_ consLsm-t wkh Fe XXV.

Fe line complex (Figure 2) shows also the Fe Kfl line at ,-, 7.1
keV, with an intensity of ,,- 0.2 that of the Fe Kot line. we have
identified another feature at around 6.6 keV, consistent with the

Fe XXV Ka line. As shown below, our model cannot explain
the intensity of this feature. The high absorption column in the
direction to Circinus, and the relatively faint X-ray flux of the
source, do not allow any clear line detections below ,_ I keV.

Table 1 gives quantitative information about the detected
emission lines, including the line identification (note some

question marks due to uncertain identifications), measured
fluxes, and EWe. Many H-like and He-like lines of Mg. Si,
$ and possibly Ar are detected in the spectrum, together with
weaker "neutral" lines of Si, S, As, and perhaps Ca. The high
resolutbn allows deblending of the forbidden, intercombina-
elan. and resonance lines of sev_al of the lie-like ions (Figure
1). The significance of the lines' detections can be judged from

the correspondinguncmralnOes on the line fluxes.The poor
signal-to-noise ratio did not allow a meaningful line-width de-
termination, and all b'W_Ms are consistent with the instrumen-
tal resolution.

The EWe are calculated with respect to the total observed
continuum, which was evaluated using two independent meth-
odS, First. we selected line-free regions of the speetrurn (mostly
above 2-3 keV). rebinned the data heavily, and tiered them with
a smooth curve. Second. we used the zeroth-order spectrum
from an extraction radius consistent with the extraction width

of the HETOS spectrum (--, Y'). The latter was fittedwith a
power law plus free NH, plus narrow (width=O.05 keV) Gaus-
sians representing all the emission lines detected in the HETGS
spectrum, Both methods gave consistent results. The 3-7 keV

continuum can be described by an inverted power law with pho-
ton index F --O.g and flux F:-,o ,ct.'"- 7 x 10 -tz erg era-'- s-t.
This continuum was used in the EW m_asurements, The uncer-

tainty on the continuum flux is 22% or better at all wavelengths.

5. DISCUSSION

We modeled the observed spectrum using our new line mea-
Surernenu. as well as the information obtainccl from the radial

flux distribution (from our companion paper) and the high en-
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TABLE 1

X-KAY EMISStON LINES

Lane m'Ld caergy(eV)

(1)

NcX (1211)

Mg XI (1352)
Mg XI (1143)

MgXI (1333)

Mg XlI (] 472)

Mg XI (1579)

MgXll (1745)
+ Si II- V[(1740.-1746)

Si Xm (1865) -

Si XllI (1839)

+ MgX]I (1840)

$i XIV (2007)

S II- X(2308-2350)
Si XIV (2377)

+ S Xll (2387)

S XIV (2411)
S XV (2430)

S X'V (246 I)

S XVI (2623)

S XV (2883)

ha" il- XI (2962-2990)

ha" XVII (310_-3 ld,O)

Ar XVlIl (3323)

Ar XVIII (3936)

Ca If- XlV(3690--3760)

+ Ar XVU (3584)

OtXX ?(5115)

?

q

Fe It- XVII(6400)

Fe XXV (6637-6700)
Fc l'I- XVIIU080-7196)

Wavelength ' Energy ' Flux

(]k) (keY) (x 10"4 phcm -z s-t)

(2) (3) (,q

10.236 1.211 _: 0.003 0025 4- 0.015
9.171 1.352 4. 0.003 0,0584- 0.017

9.245 1.341 4- 0.003 0.026+0.013
9.300 1.332+0.003 0.0344-0.016

8.419 1.471 -b 0.004 0.0654"0.016

7.851 1.575 + 0.004. 0.0194-0.013

7.t06-7.130 1.741 -l- 0.005 0,086"4-0.0]7

6.648 1.863 4- 0.006 0.087 4- 0.0l 6
6.7't. 6.737 1.84.1 + 0.006 0.1054-0.018

6.180 2.006 4-0.007 0.064 ± 0.015
5.28-5.37 2.313 4-0.009 0.0294-0.032

5.217+5.I94. 2.383+0009 0.048 -l- 0.037

5.142 2.4.124- 0.009 0.028+0.027

5.]00 2.433 4- 0,010 0.056+0.029

5.039 2.458 4- 0.010 0.085 4-0.036

4.727 2.624 + 0.011 0,022 4- 0.023

¢199 2,882-4- 0.01l 0.021 4- 0.023

4.[2--4.187 2,9604- 0.014 0.064-0.031

3.949-3.994 3.683 4-0.022 0.039 4- 0.02 I

3.794 3168 4- 0.020 0.040 4- 0.024
3.150 3.917 ± 0.025 0.041 4. 0.026

3.30-3.36 3.683 + 0.022 0.038 4- 0.021

2.424 5.166 4- 0.042 0.102 + 0.040

2.606 4.758 + 0.037 0.0524-0.029
2.069 5.993 + 0.058 0. t45 4- 0.054

1.942 6.385 + 0.066 3.04"7 4-0.173

1,85 I-I.868 6.656+ 0.071 0.2"/34-0.110

1,72-135 7.030 + 0.080 0.680 4-O,! 53

EW EW

(ev) (,4)

(s) (6)

244-'17 0.204.0.14

63 + 24 0.43 4-0.16
284- 17 0.20,4- 0.I2

364-19 0.25+0.13

774-23 0.444- 0.i3

23£13 0.12+0.08

lt6+32 0.47+0.13

120-623 0.43+0.08

1464-38 0.544-0.14

914-28 0.284-0.09

434-47 0.104-0.11
71.646 0.164-0.10

42 4-40 0.09 4- 0.08
834-39 0.184-0.09

"1254-61 0.264-0.13

33 4-35 0.06 4-006

31 ::E34 0.05 4- 0.05

834-40 0.124-0.06

54.24-28.7 0.054-0.03

59 4- 38 0.07 4- 0.05

55 .631 0,05 4-0.03
53 4- 31 0.05 4.0.03

127.4- 56 0.06 4- 0.03
64+:38 0,044- 0.02

1774.69 0.06 4- 0.02
21084-479 0.644-0.]5

2114-91 0.06 4- 0.03

602+ 189 0.15 :It.0,05

exgy observations from BeppoSAX (Matt et al. 1999) and RXTE.

The modeling is based on the following observations: (a) the 2-

10 A continuum is flat, in FA, at long wavelengths (as expected

from an "ionized mirror") and hardens below about 5/_ (as ex-

pe, cted from a "neutral mirror"). This, plus the detection of

low ionization species, suggests two distinct components; (b)

the EW of the Fe Ka line is very large, indicating iron over

abundance (e.g, Netzcr et at. 1998); (c) the extended spectrum

(outside of the central 0.8") is flatter than the central spectrum,

suggesting that the more neutral component contributes less at

larger radii.

Modeling is done using ION00, the 2000 version of the

photoionization code ION 0Netzer 1996). "Ibis includes the

computation of the steady state ionization and thermal struc-

ture of the gas, and the emergent spectrum. The main in-

gredients of the model are: (a) Central power-law continuum

with r = 1.5, extending from 0.1-100 keV _d normalized to

produce _-Io key = 1042 erg S-1, in agreement with the Bap-

poSAX and P,XTE observations; (b) two component gas with

twice-solar metallicity. We have experimented with the den-

sity and column density of the two and found the following

satisfactory combination: I, An ionized comgonanr with a ra-

dial density distribution of N(r) = No(r/ro) -]'5 whexe ,0 = I pc

and No - 2 x I_ cm -a. This distribution is consistent with our

measured radial flux distribution assuming most of the 0.8-3"

flux is duo to scattered continuum. 2. A neutral componenr

with a similar (y_ unconstrzunexl) radial distribution with the

same re. but with No = 2 x I0 _ cm -a. The first component is

allowed to extend all the way to 300 pc while the second is

limited by its column density, arbitrarily chosen at 1023.9 cm -2,

and is thus terminated well inside the inner 8 pc. This compo-

nent can perhaps be viewed as the wall of the inner toms. The
covering factors of the two components are free parameters of
the model; (c) the gas turbulent velocity can range from no tur-
bulence (pure thermal motion) up to few × 100 km s -t. The

increased line width results in an increased intensity of all res-

onance lines due to continuum fluorescence (Krolik and Kriss

1995; Netzer 1996). Our best model requires no turbulent mo-

tion.

Several models have been computed, with various covexing

factors. A satisfactory solution is found for f2/4_r(nautral) =

0.4--0.5, and f2/41r (ionized) - 0.1-0.2, consistent with the ex-

pected opemng angle of the (hypothetical) toms, where ft is
the solid angle subtended by the gas to the illuminating source.

Figure 1 shows the two components alongside with the obser-

vations and Figure 3 shows observed over computed intensities

for the strongest lines. Note that, given the gas density and lo-

cation, the only free parameters are the covering factors of the

two components.

The overall agreemeot between the model and the observa-

tions is good, given the uncertainties. In particular: (a) the ob-

served fluxes of most emission lines are reproduced, to within a

factor of two. The 1.5-11A continuum shape is reproduced too,

These results support the idea of the two component model,
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FIG. 3.-- A compa(isoo of observed and calculated line intenSibe=. "]'he

lines can b¢ identified by 1heir wav.,len+ths. "r'h¢soSd line marks the Locus of

¢qu.atit.v i_tween data and model, the d_.shed lines rcpreseut a factor 2 unccr-

t;lint,','/fern the solid fiat.

with thc assumed leveIs of ionization and metallicity; (b) the

covering fractions are consistent with the suggested source ge-
ometry. The radial density distribution reproduces well the
highly peaked emission of this source and the relative weak flux
outside the central 16 pc. The calculated scattered continuum
and extended emission lines in the inner 16-57 pc are in good
agreement with the (highty uncertain, see our companion pa-
per) observations and there is no need to assume an additional
starburst source; (c) the "'neutral" iron Ko and K3 lines are

consistent with the compact, neutral component gas and the as-
sumed metallicity. Notable difficulties are the over-prediction
of the Fe L-shell lines around 9-12 ._.and the under-prediction
of the 6.6 keY feature if'due to Fe XXV. All argon lines are also

under-predicted by the mode]. The measured intensity of these
lines are highly uncertain and an)' suggestion for their origin
(e.g. unusual composition) must await better-obse_ations. We
also note that the predicted Ko fluid, outside the central 20 pc. is
below the observrA value. This may be due to the already noted
uncertainty in flux measurement. We also note that a "'typic-K
NLR. can produce a sizeable fraction of this Kc_ emission.

Regardin_ earlicr X-ray observations of this source, the dis-

covery paper by Matt ¢t al. (1996) reports an ASCA spectrum

including both neutral and ionized species. Netzer et al. (1998)
re-analyzed the ASCA data and reported the measurements of
six ionized lines plus the iron K-lines. all in reasonable agree-
meat with the present observations. The paper includes a de-

tailedphotoionizationmodel of thesourceand addressesalso

the Ka/H3 line ratio. Ouainazzi et ai. (1999) reported on 8ep-
poSAX data that include the measurement of Si Xlll. S Xv, and
Ar XvII lines, as well as neutral Fe-K lines. The observed fluxes

are in good agreement except for Ar XV[I whose BeppoSAX in-
tensity exceeds our estimate by a factor 4.

The present observations, being far superior in terms of the
spatial and spectral resolution, yet limited in signal-to-noise ra-
tio, confirm several of the suspected features of this source.
such as the gas location, metallicity, and the various compo-
nents. This, and the recently published Cha,dra observations
of Mkn 3 (Sake et al. 2000b) show, for the first time. that cen-

trally illuminated ionized gas in Seyfert 2 galaxies can have
very different distributions in different sources. While in Mkn 3
most of the line emission is spread over several hundred par-
sees. this in not the case in Circinus. where the ionized gas is

highly concentrated near the center and most of its flux origi-
nates within the centeal --- 15 pc. Moreover. the new observa-
tions show that the more neutral gas is even more concentrated.

and its dimension may be as small as a few parsecs. While
we do not want to speculate about the origin of this difference.
we note the large difference in luminosity between these two
sources. It is therefore possible that the highly ionized gas in

Seyfert galaxies has dimensions that are regulated by the central
source's X-ray luminosity.

6. CONCLUSIONS

The new ChmJdra observations of the Seyfert 2 galaxy Circi-

nus enable the very first detailed analysis of the physical condi-
tions and the gas distribution in the inner 200 pc of this source.
Our observations show the emission to be highly concentrated

within the inner 60 pc and suggest that emission within this vol-
ume is entirely due to the reprocessing of the obscured central
source's radiation, An even smaller, more neutral component is

seen through emission of low ionization iron lines and hard re-
flected continuum, This is the first determination of the ionized

gas distribution in the inner 100 pc region era Seyfen 2 galaxy.
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